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Abst rac t

‘1’he  process of magnetic reconnection plays an important role durit[g the interaction of the

solar wind with the Earth’s magnetosphere which leads to the exchange of mass, momentum,

and energy between these two highly conducting pl~smas. Evidence for magnetic reconnec-

tion occurring at the magnetopause vis a vis the expected signature from the reconnection

model will be discussed. Magnetic reconnection is also believed to play an important part in

magnetospheric substorms, which occur in the magnetotail  and are characterized by explosive

releases of energy. Relevance of spontaneous as well as driven reconnection to rnagnetospheric

substorms  will be highlighted.
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1  G E N E R A L  B A C K G R O U N D

‘I’heiIlteracion  of ahighly-corlducti[lg  solar  windwith  the geonlag[letic field leadsto  the fornlation

of the magnetosphere. ‘1’hegeonlagnetic  fielclact  sasanobstacle  ancl deflects the solar  wind  (}vltich

is an ionized and highly couclucting  gas, consisting mainly of electrons and protons (with N :3LX

~Ie++), beiIlgeIllitted  coIltiIluollsly  froIIlthe  SLlIl)  flow resulting intheformationofa  cavity which

is krlown  as the magncfosphcre. ‘1’he boundary of the magnetosphere is callecl the magnetopause

(see ~<’igure  1). AS a result of the solar wincl-geomagnetic  field interaction, the geonlagILetic  field is

compressed on the claysicle (to w 10 RF; ) and stretched on the night sicle  into a long tail extending

beyond 1000 RI;,  where IiE is the Earth’s raclius. F’urther,  the magnetosphere extracts energy

from the solar wincl continuously at low levels and sporadically at high levels, ancl dissipates it by

setting up a complex pattern of several current, systems, as shown in Figure 1. The flo~;~  of the

solar wind across the open geomagnetic field lines constitutes the solar wincl-magnetosphere  (S31)

dynamo. ‘l’he Shl dynamo is the major geIlerator  of electric fields and currents in the magnetosphere

[Lakhinu,  1993a].

l’he magnetopause  represents the outer boundary of the magnetosphere which separates the

colder and denser plasma in the magnetosheath from the hot tenuous plasma in the magnetosphere.

‘1’he magnetic fields on either side of the magnetopause  are generally of different magnitudes ancl

clirections.  !l’he physical processes occurring at the magnet opause control the exchatlge of energy,

momentum and mass from the solar wind to the magnetosphere, and thus c~rive such phenomena

as large-scale convective motions, substorms, ancl auroras.

In the early closed model of the magnetosphere based on the frozen--f ielcl concept (see Fig.

2a), the magnetopause  was treated as a tangential cliscontinuity  as no interaction between the

geomagnetic field and the interplanetary magnetic field (Ihl F) embeclclecl  in the solar Ivincl \ras

allowed. The opeIl magnetosphere moclel is based 011 the concept of magnetic recoIIIlection  ~vhich

\vas introduced into nlaglletosplleric  physics  by I)ungcy [196]]  (see Fig. 21)). “1’llis Inodel  treats

the magnetopause  as a bounclary  layer which allows the entry of the solar tvind plasma and fielcls

into the magnetosphere. Hence, in the open magnetosphere nloclel, the ma,gnetopause  is treated

essentially as a rotational discontinuity. l’urther, magnetic reconnection at the magnetopause  sets

up large-scale convection in the magnetosphere, and the accumulation of magnetic flux irlto the

Illagnetotail. This stored nlagIletic  energy is believed to be converted into plaslna  eIlergy,  and

subseque[ltly  releasecl  explosively during  mag[letospheric  substorllls.

111 secion  2, wc shall  consider tile  nlagnctic  recoIllkection  at tile  Inagllctol)aus(’.  Section :3 \vill



deal with t h e  magnetos  l)hcric  substornls  a n d  the reco[ltlcctioll  rllodel. ‘1’llc processm  of  clriven

reconnection and disruption] of forced thi[l current sllccts  will be discussed briefly.

2 Magnetic Reconnection at the Magnetopause

hlagnetic  field line reconnection is a process whereby plasma flows across a surface that separates

regions containing topologically  cliffcrellt lnag[lctic  field lines. ‘1’he lnagnitude  of plasma flo~v is a

measure of the reconnection rate [ Vasyliuna.s, 1975]. Reconnection occurs when an electric fielcl  is

present along a magnetic separator (i.e., X-line or the reconnection line) in a plasma. I)uring this

process, the magnetic energy is converted into plaslna  kinetic energy, ancl the system relaxes to a

lower potential energy state with a clifferent magnetic topology.

2. I Steady-state reconnection model

g’he first quantitative analysis of the ll~agnetopause  reconnection was done by l,euy et al. [1 964].

They considered a steady-state two-climensional  hlIII)  moclel for the magnetopause,  as sho}vn in

Figure 3. Futher,  they considered a situation with a cool, dense plasma on one ( magnetosheat h )

sicle, and a hot, tenuous plasma on the other (magnetosphere) side. ‘1’his  configuration is referred

to as the asyrnmciric  case, as opposed to the sym7net7’ic case considered by Petschek  [1964], where

the plasma conditions oI~ both sides of the currellt  sheet are taken to be iclentical.  ‘J’his  latter model

has been refined and put on a more realistic qualltitative  footing for application to magnetopause

data by l“ang and  Sonncrup  [1976], IIeyn  et at. [1988] and Biemet  et al. [1990] .

In Figure 3, the magnetopause  appears as a rotational cliscontinuity  having a finite normal mag-

net ic field component, B,,, which connects the magnetosheath  field lines fvith the n~agnetospheric

field lines. A rotational discontinuity, in an hlIII)  fluicl  with isotropic pressure, is characterized b~

the normal flow velocity equal to the Alfv6n  velocity based on the norlnal  magnetic fielcl component,

B,,.  The reconnection site is the line (i.e., the separatrix,  or .Y-line)  in the ecluatorial plane (i.e., the

plane perpendicular to the plane of l’igure  3) where two magnetic field surfaces, the separatrices

S’1 and S’2, intersect each other ancl create a null in tile field.

In Figure 3, the magnetosheath  plaslna is nloving  to the right towards the [magnetosphere. hlost

of it flows around the magnetosphere, ~vllictl  forms an obstacle to tile flo~v, but a fraction crosses the



ll~aguetopause  as a result of the presence of the BTL field. ‘l’his component is negative, that is 13,1 < 0

when  it is directed towards tllc  F;artll,  north of the separator, ancl positive (11,,  > 0, poi[lting  away

from the Earth) south of it. l’hc plasma flow is not field-aligned but takes place along  strea[nlines,

shown as dashecl  lines, which cross the magnetic field. Such cross-field flow requires tllc  presence of

an electric field,

occurs.

From Figure

Et, tangential to the magnetopause,  ancl along the separator wllcre  reconnection

3, it is noted that the reconnection electric field, Ef, is parallel to the magnetopause

current, I, commonly known as Chapnlall-1’erraro  current. Since Et “ I >0, this situation ilnplies

the conversion of electromagnetic energy into plasma energy. In this NIHD model, the energy is

carried away by the high-speed plasma jets emanating from the reconnection site in ttvo-~vedge

shaped regions attached to the inside of the rnaguetopause  and with vertices at the separator. l’hey

comprise the plasma boundary layer (B1, ) (see F’ig. 3). WC must emphasise that only  a small fraction

of these jets, namely the layer closest to the Earth, contains rnagnetosheath plasma that has passed

through the di~usion  region  where the magnetic reconnection takes place. hlost  parts of these jets

are populated by plasma that has crossed the magnetopause  away from the diffusion region, and

at the same time, has suffered acceleration, away from the reconnection site ancl tangential to the

magnetopause, by the I x B,, force. ‘1’hese  plasma jets are the principal features of the reconnection

process. lIowever,  the jets should be very narrow and it is difilcult  to observe them without high

time resolution plasma and field data. In fact the controversy about the magnetopause  reconnection

being reality arose because of the absence of direct observation of such higll-speecl  jets [Ifcikkilc,

1975; }{aerende/  ct al., 1978].

On the other hand, if reconnection were not taking place, the magnetopause should be a tangem

tial discontinuity with Bn = O. A tangential discontinuity describes a boundary across ~vhich  there

is no mass flow and which does not support a normal component of the magnetic field. Therefore.

at the tangential discontinuity, the velocity ancl the magnetic field are both tangential and they

can have any value in both direction and lnagnitudc.  F’or the case of ll~agnctopause  behaving as a

tangential discontinuity, Et in sicle  the magnetopause s11oL11c1 more or less vanish, and the lnagne-

tosheath plasma could  cross the magnetopause layer only by a diffusive transport process ( the so

called uiscous  interaction).



2 . 2 Signature of reconnection

l’rom  the above discussion it is clear that the direct proof of the occurrence of steady state recon-

nection at the magnetopause ( or anywhere else as a matter of fact!)  arc:

1.

2.

3.

4.

Presence of a tangential electric field, Et, along the separator ( as this being the stanclard

definition of reconnection), consistent with the motion of plasma towards alld  across the

magnetopause, and its direction must be sLich that Et o I > 0 such that the electromagnetic

energy could be converted into kinetic energy of plasma.

Presence of normal conlponellt,  B,l, of the magnetic field which is directed inwarc] north of

the X-line and outward south of it.

There is a normal component of flow velocity (i.e., inward directed plasma flOJV)  given  by

(v,, - Un) = *, (1)

where p is the mass density and v and U are the plasma flow velocity ancl the magnctopause

velocity measured on the spacecraft, respectively. The subscript “n” c]enotes the normal

component.

Plasma which has crossed the magnetopause (i.e., plasma in the clowns  trealn region) must

exhibit a change in the tangential flow velocity given by

where the suscript ‘(t” denotes the component tangential to the bounclary,  ancl the scluare

bracket [~] denote the difference between the values of any physical cluantity.  ~, on t~vo sicle

of the boundary layer.

Equations (1) and (2) follow directly from the continuity of Et, conservation of the mass flLIx, aucl

the continuity of momentum fiLIx across the magnetopause  bounclary  ( here treated as a rotational

discontinuity) [ }{tidson,  1971].

5



2 .3 .1  Tangen t i a l  e l ec t r i c  f i e ld

2.3 Observational evidence

Reliable measurementsof  the tal]gential  electric field, E~, ill theplaslna  environnlent  of the mag-

netopause  are clifllcult.  l’urther, it is not easy to identify the narrow diffusion region around the

separator, as we do not know what plasma processes to look for. l’he motion of the magnet opause

boundary creates further difficulties in transforming the observed small electric fielcls  into a reference

frame fixed with respect to the magnetopause.

hloreover,  it is very unlikely that a satellite crossing the magnetopause  will encounter the

diffusion region. Rather it will pass through the current layer away from the cliffusion  region. It

is still possible to obtain persuasive evidence for recontlection under this situation. ‘l’his is so

because an electric field Ei tangential to the magnetopause or a magnetic field component Bn

normal to it, if present over a region of scale lengths much larger than the magnetopause  thickness,

would  indicate that reconnection is occurring or has occurred in the recent past. According to this

reconnection model,  the magnetopause  will act as the rotational discontinuity leac~ing  to an “open”

magnetosphere.

~fo.zer et al. [1979]  were the first  to observec{  a persistent positive E~, having amplitude of a few’

mV/nl, at the magnetopause,  their results are shown in Figure  4. From their Ineasurements,  ancl

on neglecting the induction electric fields, they were able to deduce energy clissipation  of Ef . I w 70

W km- 2. Later on SonnerUp  et al. [1981] reported rnagnetopause  tangential electric fields having

amplitudes of 0.8 – 2.8 mV/nl  from 11 magnetopause  crossings.

2 . 3 . 2  N o r m a l  m a g n e t i c  f i e l d

pleasuring normal component 11,, of the magnetic field accurately at the magnetopause  is a formidable

task, since, for reasonable reconnection rates, 11,, is expected to be only a few nanorI1esla.  This lncans

that the local rnagnetopause  normal must be known to w’ithin  an accuracy of a few degrees. .Js

the magnetopause  is rarely stationary, ant{ its surface keep on changing shapes dLle to excitation

of surface waves or other kincls of Llltralo\\r-fre{lllel~cy  \va\’es clLLe to the presence of velocity shears

ancl gradients in plasma ancl fields [Lanzero/ti  and Soulhwood,  19T9; Lakhina  c1 al., 1993], a model

normal is not useful for this purpose. Sonncrup  and Cahill  [1967] d e v e l o p e d  a  Inetllod basccl  on

(i



m i n i m u m  variance  tcchniquc  for dctcrminillg  ~~,~ frolll tl~e lnagnetopausc  IIliig IICti C field nlcas  Llre-

ments.  In a one-dimensional magllctopause, 11,, is strictly constant as demanded by V B = O. Since

in practice it is ciifflcult to find sLlcli  a dircctiotl  aIong  kvllich f],, is strictly constant, this lnethocl

chooses as an approxinlation  the direction ~vhicll yields minimum variance in the corresponding field

component.

Occasionally, reliable normal vectors ant] l~n values are obtained by the lnethod  of Sonnerup

and Cahill  [1967]. Figure 5 shows an example where the minimum variance techniclue  is able to

determine a finite Bm with high conficlellce level [Sonncrup  and  Lcd/ey,  1979]. 111 this figLlre,  clata

for a 3-seconcl interval during magnetopaLlse  crossing are sho~vn as hodograms, in tile coordinates

obtained from minimum variance analysis of the observecl  magnetic fielcl.  lIere, 113 corresponds to

that of minimum variance and, therefore, it is identified with Bn. On the other hand, Bl ancl }Jz

corresponds respectively to the axis of maxim Llm variance, and to that of intermeciiate  variance.

The hodogram on the left, drawn in the plane tangential to the magnetopause, sho~vs the semi-

circular shape characteristic of a rotational discontillLlity. ‘J’he hodogranl  on the right of FigLlr-e .5

clearly shows the normal component B,, N (8.0 + 0.4) n’1’.

2 .3 .3  normal  p lasma  f low ve loc i ty

‘1’he normal component of the flow velocity, Vm, like Et and B~1, is also proportional to the recon-

nection rate and is eclLlally,  if not more so, difficult to lneasure.  It is found that B,t values obtained

from the minimum variance method ancl v,, values obtained from the projection of measured plasma

flow vectors along  n often have large Llncertainties  c~Lle mainly becaLwe of magnetopaLlse  boLlnclary

motions and undLllations  of its surface. ‘1’hcrwfore,  test 3 can rarely be applied on an individual mag-

netopause crossing. Sonncrup et al. [1!3s1]  performed this test with vaIues  of B,, and u,, obtained

from averaging c)ver 11 magnetopause  crossing and founcl  agreement with (1).

2 . 3 . 4  T a n g e n t i a l  f l o w s

The tangential flows are not sensitive to the choice of lnagnetopaLlse  normal, allc{ are expectecl to be

cluite large. IIowever, these flotvs  can  assLllne arbitrary clirections  ancl occur ill narrotv  ~vedge  shaptd

regions. l’herefore,  tllree-dill~ellsiorlal  flo~v r[leasLlrclne[lts  tvith hig]l t ime  resolLitioll arc recluirecl  t o

a[lalyse  the tangential flows. WC shall cliscLlss  tile  ol>servatiollal  test of the rc’lationstlip  bet\vcell  t lle



tangcmtial  plasma flow a[ld ttle  lnag[~etic field c,olnpotlc[lt  as given by (’2) [Paschmf~}l)l  c1 al,, 1979;

Nishida, 1979; Sonnerup  et u1., 19s1 ; Il(ler’cllrid  (111(1 l’asch[nrl?lrl,  1982].

Figure  6 shows the polar plots of the nlaglletic  ficlcl,  B, ancl plasma flow velocity, v, for an

outbound crossing of the subsolar magnetopause at a latitude of w 2,5”, in the coordinate system

obtainecl  from the minimum variance analysis. From the tangential hoclograrn  (on the left sicle)  \ve

llote  that the changes in the magnetic fielc{ and velocity across the magnetopause  arc nearly parallel

as demanded by (2). on taking the change in Bt between points 1 ancl 2 in the tangc[ltial  hocloglams,

ancl the measured plasma mass density, and Lwing these values in (2), the predicted change in plasma

velocity is about 580 km S-l. The actually measured change in the tangetial velocity from FigLlre

6 is about 425 km S-*. In view of the difflcLllty  in making accurate three-dimensional flow velocity

rneasLlrements,  this can be taken as a fairly good agreement. The conclusion that the magnetopause

can have a structure of a rotational discontinuity as reqLlired by recorlnection  has been confirmed

by Sonnerup  et al. [1981] from a detailecl  analysis of 11 such cases as shown in F’igure 7.

2 . 3 . 5  I n d i r e c t  e v i d e n c e

In this section, we shall cite some observatiolls  which provide inclirect  support for the existence of

reconnection at the rnagnetopause.

1. open magnetosphere: Observations concerning clirect  access of energetic solar electrons, emittecl

clLlring solar active periods, to the Itarth’s  polar caps provide strong support for an open magneto-

sphere. l’he interlsity  profile of the 376 keV electrons measured by polar orbiting satellites is found

to be flat near the central polar cap, indicating a uniform  electron bombardment [ I’ampola,  1971].

‘1’his  situation can arise only if all polar cap fielcl  lines were open, i.e., extending into interplanetary

space. By contrast, in a closed magnetosphere, solar electrons COUIC1 gain access to the polar cap

fielcl lines only by cross-field diffLlsion. ‘1’his  WOUIC1 lead to an intensity profile with a dc~)leted  central

polar cap [Tforjdl and  Scho/f3r, 1973].

It is conceivable that the fielcl  lines connected \vitll the interplanetary frelcl  lilles \voL~lcl  allo~v

the energetic particles to escape from the magrletosphere  in nlLlch the same way as they allolv the

energetic particles to enter the magnetosphere. ‘l’here are observations which indicate the pre.sellce

of layers of energetic electrons and ions oLltside  the nlagnetopaLlse  bLlt insiclc  the outer  sel)aratrix

surface [  W’iiiiams  and F’rank, 19s0; Scholcr et al., 19s1]. ‘1’hese  ate nlagnetospheric  alld  iolloslJheric

ions that have leakecl across the nlagnetopaLlse  boLlllclary ancl have been accelerated by tile  I x B,L

force, as well as nlagnetosheath  ions that nave  becll ref]ectecl at tile  nlagIletopaLlsc.
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2. 11111’  correlations: ‘1’he [Iortll-south  component of intcrplarletary  lnaglletic  field ( IfilFT), f]., is

found to be very well correlated with the auroral  electrojet  (AI;) index, which is a nlcasurc  of the

auroral electrojet  intensi ty  [Amoldyl  1971;  7’srfrulani and  flleng, 1972]. Similarly, the magnetic

activity index, D~~, which is computed from mid-latitude magnetic records and is an indicator

of the worldwide deviation of the magnetic 11-colllponent  from its quiet time values, and the c

function [Perreault  and Akasofu, 1978], which clescribes  the energy coupling from the solar ~vind

to the magnetosphere, are well correlated with interplanetary parameters like solar tvind pressure,

solar wincl speed, dawn -t~dusk  componellt  of the solar wind electric fielcl,  etc. ‘1’hese  observations

show that magnetosphere is open and, thus, ~Jrovide indirection evidence for the reconnection at

the magnetopause.

To sutn up, there is ellough  evidence, both direct and indirect, which strongly support the

concept of collisionless  steady-state reconnection occurring at the magnetopause.  IIowcver,  during

a significant number of magnetopause crossings, no signatures for steac~y-state  reconnection are

found although the Ihf?? had a southward component [Ilaemndel e{ al., 1978; Sonnerup  and I.edlcy,

1979; SonnerUp  et al., 1981; Sonnerup,  1984]. , It appears that steady-state reconnection occurs

rather rarely at the magnetopause.  On the other hand there is ample evidence that suggests that

the reconnection at the magnetopause occurs in a nonsteady or patchy manner involving small-scale,

transient erosion of magnetic flux. ~’his phenomenon is called j?ur transfer  wenfs or simply FTEs.

2.4 Flux transfer events

hleasurernents  from ISEE 1 and 2, and other spacecraft have shown that magnetopause recon-

nection is seldom a steady-state process. Rather, the magnetopause is often subjected to patchy

reconnection producing a feature called the flux transfer event. Fq’F;s  are tubes of tlvistecl magnetic

field lines about 1 R~ across, connecting the magnetosphere to the magnetosheath.

}Jczerendel  et al. [1978] observed short cluration  increases, or spikes, in the nlaglletospheric  field

strength in the plasma ancl fielcl  data collected by IIeos 2 in the high latitude bounary layer. l’hej.

attributed these spikes to telnporally  and spatially lilnitec{  reconnection in the polar  cLlsp. Similar

spiky events in the rnagnetosheath were observecl  by }tussell  and Elphic  [197S] in the ISEIl data.

Since the magnetic flux was being transported ancl the phenolnenon  had a beginning  and an end,

these elrents  w’ere  termed ‘(flux transfer” events.

Figure S shows first of these events ttlat ~verc~  fou[ld by II! U.SSCI1 and l;lphic

iIlboLlllcl  traversal of the Illag[letoslleatll  i[lto tile lllaglletosl)llere  at lol~’ lati tudes

9
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‘1’hc clata  are shown in the l,, A{, N bou[ldary  coorclillates,  where coordiuatc  N is alollg  the local

maglletopausc  normal, 1, is i[l tile plane  defined  by N and tile  z-axis of the solar rnagnetospheric

( GSM) system, and AI completes the right-handed system. FTEs intervals are marked by the

vertical clashed lines. II] the cerlter of each event arc energetic electrons, as well as protons streanlillg

out of the magnetosphere. Yet at the same time at low energies, the plasma is clearly the flokving

magnctosheath  plasma. The normal component of the magnetic field, B~, first increases outwards

and then turns inwards. ‘1’he azimuthal component, or ~)~J, shows an increase, and the vertical

component, or BL, has a typical signature of a magnctopause  crossing. The presence of energetic

magnetospheric  electrons and ions in these flux tubes indicate their connection to the magnetosphere

ancl the streaming of the ions indicate that one end of the flux tube is open to the magnetosheath.

The simplest explanation for these events is that reconnection takes place in a limitecl  region for a

short period of time, and the resulting tube of reconnected flux is carried away by the magnctosheath

flow as shown in Figure 9. The draping of the surrounding magnetosheath field lines over the flLlx

tube then produces the observed BN variations, I’urther,  the tension in the field lines tends to

straighten the bend in the tube and, thus , accelerate the plasma flow in this region. From the

duration of FTEs together with the plasma flow velocity, dimensions of F“I’Es along the boundary

are found to be of the order of several RE. Similarly, the size of the variation of the Ilfir component

suggests that the FTE scale size normal to the boundary is of the order of an RF;.

‘1’here arc several models for the formation of F’TEs at the dayside magnetopause  basecl  on

magnetic reconnection [Russell  and I!lphic  , 1978 ;  I,ee and  Fu, 1985 ;  Scholer,  198S;  Soufhwood  et

al., 1988; Schindler and Otto,  1990; I,ee et al, 1993]. ]Iowever, it has been suggested that a wavelike

motion of the magnctopausc  caused by the solar wincl pressure variations might provicie  an alternate

explanation for the F1’E  signature [Sibcck, 1990, 1992; Sibeck  and Smith, 1992].  Recently, Ot/o  et

al. [1995] have studied the magnetic field and plasma properties associated with pressure pulses

and magnetic reconnection at the magnetopause using tw~dimensional  NIIII> simulations. They

find that magnetic reconnection and pressure perturbations could be closely linlwcl, so much so that

pressure perturbations can actually trigger lnagnctic  reconnection.
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3

3.1

Reconnection in the Magnetotail

Introduction

The Earth’s magnetosphere has a long magnctotail  with antiparallel  magnetic fields in the tivo halves

(lobes) of the tail, with a clwan-to-dusk  cross-tail current flowing in the central plasmasheet  located

between the two lobes. The plaslnasheet  has been considered as a likely site for the occLlrrence

of magnetic reconnection because of its c}laracteristic anti-parallel field configLlration. In fact,

according to the open magnetosphere Inodel  proposed by lhngey  [1961], soLlthward  IMFs reconnect

to northward rnagnetospheric  fields through tllc  formation of an X-1ine  at the dayside  magnetopause.

The open magnetic field lines formed are thus dragged by the solar wind in the anti-sun~vard

direction, and convected into the magnetotail.  Another magnetic X-1ine is formecl  in the magnetotail

at distances N 100 R~ (the exact location is still being debated), where the magnetic field lines

from the northern and southern polar caps reconnect (see Figure ‘2). At this clistant  -Y-line or

neutral line, the totally disconnected (from the F.arth  ) field lines go back to the solar wincl, but the

closed field lines convect back towards the l;arth and are returned to the dayside  magnetopause.

This large scale flow of the magnetospheric  field lines or plasma, since the magnetic field is frozen

into the plasma, is known as magnetospheric convection. On the average, the rate of clayside

reconnection equals that of nightside, and so]ne  kind of ecluilibriurn  is maintained. IIow-ever, the

situation challges  dramatically when the lhl II’ is strongly southwarcls, atld  renlail~s so for a long

time. In such a case, the rate of addition of the dayside magnetic flux to the nightside keeps on

increasing continuously. The magnetotail  cannot store this energy indefinitely, and magnetic energy

is released explosively in the form of plasma energy,  sLlpposeclly  via reconnection at the near-l?arth

neu t ra l  line,  dLlring rnagnetospheric  substorms. Slow shocks and magnetic reconnection [}1o et al.,

1994; 11o  and Tsurutani,  1995 ] are observed in the far tail at distances of X= -200 to -240 lt~.

l’his has a weak dependence on substorms  ancl is not thought to play  an important role in substorm

dynamics. This may be “magnetic sloughing” cl Llring cluite time intervals. J$’e shall discLlss  some

characteristics of Inagnetosplleric  substorms,  and two popular models for the substorlns,  alld  revie~v

the cLlrrent status of the substorm research.

3.2 Magnetospheric  Substorms

q’he geospace e[lvironmcnt  is dominated by disturbances produced directly by tllc  Sun,  lilw solar

flares ancl coronal mass ejectiolls which are responsible for some  large  ,gCortlaglletic  Stortlls  [G’oJlua-
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lez et al., 1994] or else by disturbances, e.g. suk~storms, occurring  within the rnag[lctosphere  that

arc ultimately causecl by the solar ~vitld Inagnetic  field variatiol~s  (interplanetary Alfv6n  waves).

A large portion of the energy extracted froln  the solar wind by the S-h/l  dynamo is stored in the

form of excess magnetic flux in the lnagnetotail  region, which subsequel~tly  is explosively releasecl

in the form of energetic particles alkd strollg  plasma flows and dissipated in the near-Earth llight-

sicle  region; this phenomerlon  is called a nlaglletospheric  substorm. l)uring  substorm activity, the

cross-tail current is disrupted allcl  divertccl  towards the ionosphere as a field-aligned current, ene-

rgetic  particle precipitation causes enhallcecl  auroral  activity, and there is an enhancement in the

westward electrojet  current (AF, illc{ex).  Further l magnetospheric  convection increases, the plasma

sheet tends to nlove  earthwarci and a part of the plasmasheet is severed fronl  the earth, forming

a “Plasllloid”  that flows tailwarcls. h~agnctospheric  substorlns  last from about one to a few hoLlrs.

When the interplanetary convection electric field are very intense ( >5 nl\~/nl)  ancl of long clLlra-

tion (> 3 hrs) geomagnetic storlns  which are characterized by a builclup  of a ring current which

manifests itself as a main phase, during which the magnetic field at the Earth’s surface is greatly

depressed [ Tsurutrzni  and Gonzalez, 1997]. I) Llring geomagnetic storms there are many intense sLlb-

storms leading to the enhancement of the rillg current. Although sLlbstornm always occur during

geomagnetic storms, the exact relationship between storms and substorms is still being debatecl

[Gonza(ez  et al., 1994; Kamide et al., 1997]. Magnetospheric  substorms and major geomagnetic

storms can produce intense, highly disruptive surges in energetic particle populations in the nlag-

Ilctosphere  a n d  rapiclly-varying  iollosplleric-  Inagnetospheric  currents t h a t  can  eitl~er colnplctely

paralyze or adversely affect tile  functioning of modern satellite and large polver  distribution grids

011 tbe ground. ~’hLls, the magnetospheric  sLlbstornls  represent a global interaction bet~veen the

solar wind, the magnetosphere ancl the ionosphere [l~an ei al., 1991, I{amide and  Alochl,  1994].

3 . 2 . 1  Substorm P h a s e s

Substorms  are the fundamental element in understanding the nature of geomagnetic activity. ‘1’hree

sLlbstornls  phases, namely, growth, expansion, and recovery have been identified. “1’he nlaglieto-

sphere attains a kind of groLltld state (i. e., a clLiiet  period) after a prolonged period of northt~arcl

interplanetary magnetic fielcl (Ih41~’)  ill the solar ~vind. The growth ph.Me LlsLlally begins with the

start of soLlth\vard tLlrning  of Ihl F. In the ionosphere, the polar cap size increases as the polar

elect rojets intensify. In the magnetosphere, the cross-section of the magnet otail increases, the near-

earth plasmasheet  starts tllinrlillg  and tile  clipolar  [naglletic  fields are stretched into tail-like fields.

At substorm expansion phase, in the n~id[ligllt  sector there is a sudden briglltellil~g  of the discrete



auroral arcs, ancl their rapid po!eward advallcelnellt  (see Figure 10). 111 t h e  near-cartll  nlagne-

tosphere the stretched tail-like configuration relaxes abrupt,ly  to a clipolar-like  field geometry in

association with thickening of the plasma sheet and earthward injection of energetic particl~:s leacl-

ing to the ring current forn~ation. It is believecl  that the cross-tail current is suddenly interrupted

ancl divertecl  to the polar ionosphere along nlagnetic field lines.  The diverted currellt  flo~vs  into the

ionosphere on the morning side of the tail, thell flows across the auroral ionosphere as an intensified

westward electrojet  and closes back into the magnetosphere by flowing upwarcl  along the field lines

on the dusk side of the tail. I’his  pattern of divertecl  current flow is kno~vn as the substorm  current

wedge [McPherro?2  ef al., 1973;  ~~aunljo}ta?ln,  1986]. ‘1’he recovery phase begins rvhell  the pole}vard

expansion of the auroral bulge halts and the auroras start receding ecluatorwarcl  as shotvn  in 1+’igure

10 [Akasofu  et al., 1966]. ~’he plasmashect  sudclenly  thickens with fast field-aligned plasma flo~vs

in the plasma sheet boundary layers, the B, component of the magnetic field increases and the

strength of high-latitude currents and auroral luminosity decreases. ‘l’he important events occuring

during the three phases of the substorms  are summarized in l’igure 11.

3.3 Substorm Models

Several models have been proposed for the substorln  phenolnena  based on the nature of solar ;vind

energy  inpu t  ancl that  of the stored  C’IIC1gy  iIl the ~nag~letospherc  [~ian et al., 1991].  SeI’eral  s t a t i s -

tical studies have shown that substorms  clearly have both directly clri~en and loading - unloading

components. Studies based on linear  prediction filtering technique indicate that the typical time

scales for the driven  and loadillg-llllloaclillg  processes are about 2(I minutes ancl 1 hour respectively.

3 . 3 . 1  N e a r  E a r t h  N e u t r a l  L i n e  M o d e l

l’he near-earth neufrul line ( NEN1,  ) llloclel,  also krlowI] as reconnection rnodcf [}~o~~cs, 19’7!3]. treats

the substorm  phenomenon as a /oadi?lg-tLrlloa(lirlg  process. It describes the gro~vth phase as clue to

enhanced dayside magnetic reconnection which leads to a larger tail size and thinning of the plas[na

sheet. The magnetic energy storecl in the magnetotail  is released explosively through a mag[letic

reconnection process in the vicinity of a newly formed neutral line in the near-earth tail region (at

about 10 - 20 R~ down-stream). “1’he lleutral line formation leads to the disruptioIl  (the actual

Inecllanism soInewllat uncertain) of the cross-tail curreIlt  in the ~’icinity  of the neutral li[le, aIld to

tile  severencc  of the plasnlasheet  to produce a plasmoid. ‘1’he scenerio  of cveI]ts  for tile  near-cart 11
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llcutral  line IIloclcl  is showtl  ill Figure  lZ. ‘1’his  picture of the substortn  call explai[l  IIIaIIy features

connected with substorm activity.

3 . 3 . 2  C u r r e n t  D i s r u p t i o n  M o d e l

I’he current  disruption model  treats the substorm as a process

[Akaso}u,  1972]. According to this model, tl~e solar wincl  energy

directly  driuen  by the solar wind

input (equivalent to the power of

the SNl dynamo) directly controls the response of the lnagnetosphere  such as the rnagnetospheric

ellergy  dissipation rate. When the solar wit~d energy input  exceecls some critical value w 1018  ergs

s–l, magnetospheric  convection alone is unable to dissipate this nlLlch  energy. ‘1’herefore  the cross-

tail current is disrupted and diverted to the ionosphere, along the magnetic field lines where it is

dissipated efficiently. The resulting current circuit forms the substorm current wedge [AfcPhcrron

et al., 1973]. This is identified as substorm onset. It is commonly assumecl  that a sudden increase

in anomalous resistivity  due to a cross-field current instability is the likely cause for the current

disruption [Lui et al., 1992]. Particle injection results from the collapse of stretched field lines as a

result of current disruption. The deflation of the plasmasheet  is communicated clowmstream  by the

]aunching  of a rarefaction wave, causing plasma sheet thinning further downstrealn  of the current

disruption region. The main sequence of event visualized under this mociel and shot~rn  in Figure 13

[Siscoe, 1993].

3.4 S t a t u s of Substorm Research

‘l’he near-earth neutral line (NENL) moclel is collsiclered  to be the most successful

substorm features can be fitted nicely in its framcwvork.  hlagnetic  reconnection,

as most of the

its dynamical

principle, appears to be a universal process. On the other hand, current disruptioll  seems to be an

idea seeking a physical mechanism. Recent results on 31) IvIII1) simulation of n~aglletotail  eirolution

initiatec{  by a sudden occurrence or increase of spatially localized resist ivity indicate that localized

anomalous resisitivity  can produce only  localized  effects on the cross-tail current, ancl it does not

involve a reduction of the total cross-tail currerlt  [}lCSSC and  Birn, 1994]. Hence it appears unlikely

that an increase ill anomalous resistivity  in the magnetotail  coulcl leacl  to the global clevelopen~ent

of a substorltl  current weclge. IIo\vever,  there is a major clifficulty in the near- earth [~eutral lille

Inoclel  relatecl  to the formation of a near-earth substor[ll  neutral line which is tile Illost crucial ~)oint

c)f this Inoclel. So far the p r e d i c t e d  sig[latures  of tile substornl  neu t ra l  lille lla~’e Ilot beell  foullcl

11



unambiguously earthward of 20 Itfi;  clcspitc  the rather ovcrwhel[lling  evidence of substolms  typically

being initiated there [Lui, 1991].

It has been suggested that the substorlns  neutral line may be formed due to tearing mocle, espe-

cially the ion tearing mode instability in the plasmasheet  [Coppz’  et al., 1966;  Schinciler,  1972, 1974,

1980;  Galeev  and  Zelenyi, 1976; I,akhina  and  Schindlcr, 1988; Lakhina,  1992a,b,  1 9 9 4 ] .  IIo\vever,

the tearing mocle instability tends to get ‘stabilizecl  by the adiabatic electrolls in the presence of

a normal component, Bn, of the magnetic field [I,cmhege and })ellaf, 1982].  Recently it has been

suggested that the forced thin current sheet  formed during growth phase of the substorm [Jlzir-

jleld et al., 1984 ;  Mitchell et al., 1990; Pulkkinen ct al., 1991;  Schindler  and Birn, 19913] might

become ion tearing unstable [Burkharl et a/., 1992a,b;  BurMart  et al., 1993; Hesse  and 1$’’inske,

1993; Pulkkinen et al., 1994; Sanny et al., 1994], and thus may leacl to substorm onset. Lakhina

[1993b,c] has investigated disruption of such forced thin current sheets in astrophysical plasmas  by

ion tearing mode instability [Figure 14]. ‘l’he forcecl  thin current sheets formed during growth phase

of the substorm could be unstable against ion tearing mode instability provided the the trapped

electron population density is less than about 10- 20 X of the total electron number density [Figure

15]. ‘lTherefore a process which can scatter electrons is recluired  for the tearing mode instability to

grow and the spontaneous reconnection to occur in the magnetotail.

‘1’here are some observations which indicate that the secluence  of geomagnetic substorms is

preceded by and ~vell correlated with solar wind lnagl~etic  disturbances [Akasofu,  1980; Jleloni  ct

al., 1982; Baker et al., 1983]. Furthermore, the energy releasecl  during substorlns  also appears to

be well correlated with solar wincl disturbances [Akasofu,  1981]. Such observations have leacl to

a view that the solar wincl magnetosphere coupling during disturbed perioc{s is probably through

the process of a driven or forced reconnection [Safo and Hagashi,  1979; Sato and Hasegawa,  19S2;

JVaMer  and Sate, 1984].

In the forced or driven reconnection process, reconnection is inducecl  by external means through

perturbations at the bounclaries. In contrast, spontaneous reconnection clepends  oILly oIl tile  in-

ternal state of the system, for example, the tearing mode instability in the neutral sheets. l)rivcll

reconnection has been studied analytically in a slab plasma nloclel  uncler clifferent  bounclary con-

ditions by using the magnetohyclrody  namic (hl III)) formalism [llu,  19S3; Zelct2yi  and l{uzncfsorcz,

1984 ;  Hahm and Iiulsrud, 1985; Shiuamoggi,  1987].

The process of driven lllaglletic  reconl~ectioll  has been suggested as a possible Inechauisrn  to

trigger substorlll  onset [Mcl)hcrro/2  et af., 19S6;  [[orton  clnd 7hjima, 19SS; l’ritchc[t (t al., 19$6;
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J.akhi?la, 1992})].  Lakhina [1992b] has givc[l a ki[letic  theory  for driven reconnection in the Ii:arth’s

[nagrletotail  [F igure  16] .  I)rivcn rccorl[lectioll  call occur i[l two forllls, lla[ncly,  exponential type

reconnection similar to the ion tearing mode, alld  bursty  type reconnection which is short lived

but occurs typically at rate much faster that]  the ion tearing growth rate [Figure 17]. Quasi-static

perturbations in the solar wind energy input or pressure pulses are founcl to be most effective

to initiate clrivelt reconnection in the magnetotail. Hursty  type reconnection cannot excite the

regular  substorm expansion phase as such, but it can produced bulk flo~vs lasting  for about a

minute or two [I,akhina,  1996].  llence, bursty  driven reconnection appears to be a likely  candidate

for the generation of bursty  bulk flotvs  observecl  in the plasmasheet  region. At the same time it

provides a physical nlechanisln  for the pscuclobreakups  or pseudo-substorm  onsets [~htani et al,,

1993; Russell et al., 1994]. Recellt observations of bursty bulk flows in the inner central plasma

sheet [Bau?njohann,  1993; Angelopoulos  et al., 1992, 1994] provide a strong support for the bursty

reconnection being operative in the magnctotail.

Brichner  and Zelenyi [1987]  proposccl  that chaotic electron motion might act similar to pitch

angle scattering in destabilizing collisionlcss  tearing mocle [ Coroniii,  1980] in the magnetotail  leacling

to substorm onset. q’hey replaced the pitch angle scattering with changes in Ap, tllc instantaneous

magnetic moment in the miclplane.  They usecl the magnetic moment cliffusion in place of energy

diffusion for the tearing mode. ‘1’hcy showccl  that the tearing mode can be unstable when K, & 1,

where K= = (RC/p~),  with RC as the maximum radius of curvature, and pn as the I,armor radius for

electrons. It is interestixlg  to point out that K~ can decrease from K~ >> 1 to K, & 1 as the magnetotail

bccolnes  thinner, and thus it can possibly provide a transition from stability to illstability.  Ho\vever,

1.ui et al. [1992] have found K, H 4-10 just prior to current disruption in the tail, and conducted

that their data do not support the substorm  onset condition K, & 1. Recently, Pri/chef/  [1994] has

studied the effect of electron dynalnics  on collisionless  reconnection in two-dinlensiollal  magnetot.  ail

configuration by particle siltluation. He claims that for the case of Kc << 1, i.e., the regime ~vhere

elect rolls are weakly  chaotic,  ioll tearillg lnode is  s tabi l ized whell  kp,, < 1, a condition  ~vhich is

generally satisfiecl.

Consiclerable  efforts are being clevoted  to the question of destabilization of tearing modes in the

magnetotail.  Several effects have been found which can potentially increase the tearing gro~vth rates,

for example the clevelopment  of pressure anisotropy  [ Chcn  and Palmadesso, 19S4], the presence of

shear flowr in the plasma sheet  boundary layer  [hkhina  and Schindlcr,  19S3, 1988], coalcscensc of

Inagnetic  islancls [Richard et al., 1989], allcl  exterrlal  dr iving [llorlo)~ a~td Thjinla.  19SS; l,aL.hi~~a,

1992 b]. IIo\\fcver,  destabilization of the tearillg tnode in tile  Illagnetotail  is a very controversial

topic, and the reader can refer to I’c//al 6/ al. [1991]  and l(u~)lctso~w  atld  Zclcnyi  [1991] for fu~t]ler
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flctails.

It has been realizccl  that SOII]C  aspects of nollli[lcar  particle dyllalllics  in the magtlctotail  could be

playing an important role in the stability and evolution of the magnetotail  in response to solar Jvind

forcing. Recent studies fron) the dynamical point of view have shown that the particle motion in the

magnetotail  is nonintegrable  ancl that the phase space is partitioned into disjoint regions occupied bY

clynamically clistinct  classes of orbits. ‘l’he separation of time scales between these distinct regions

of phase space has lead to the concept of differential memory. Chen  and  I’almadcsso [19S6, 19S7]

have suggested that non-hlaxwellian  distributions gerleratecl  by the process of differelltial memory

can lead to enhancement of the growth rate of the collisionless  tearing mode.

The suggestion that the Lyapunov exponent, which measures the rate of exponential divergence

of nearby orbits, could be used as an effective collision frecluency  for the collisionless  plasma has

lead to the concept of collisionless  chaotic conductivity [Martin,  19S6; Buchner and  Zelenyi, 19S7;

IIorion and  Tajima, 199o, 199I ]. ‘1’his  could have interesting implications for particle acceleration

and for the excitation of tearing modes in the magnetotail.  l“urther, the effective trapping time of

stochastic orbits plays an important role in clifferel~tial  memory, and leads to a novel phase space

resonance effect [Burkharl  and  Ch.m,  1991].

Various correlation studies basecl on linear prediction filtering technique, the phase space recon-

struction techniques ancl the analog Inoclels  all show that the colnplex solar lvincl  - magnetosphere

ionosphere system is strongly nonlinear ancl dissipative. This system can be clriven to chaotic

behaviour  with low dimensionality  when the solar wind driving is strong enough [I,akhz’?la,  1994;

~<~imus et a/., 1996]. Concerted efforts involving new observational and clata  analysis technicluesl

theory and computer simulation techniques, e.g., hlIII)  [f~irn and IIones, 19S1;  Birn and IIesse,

1991;  lVa/ker  et af., 1982; Ogino  et al., 1990] and particle simulations [Zwingmann  et al., 1990]  are

neecled  to better understand the complex processes relatecl  to both spontaneous ancl clrivell  lnagnetic

reconnection as well as the formatioll  allcl  clisruptioll  of forced current sheets in the Inagnetosphere,

ancl to assess their role in the solar wind  - magnetosphere - ionosphere coupling.
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Figure Captions

l’ig. 1: Schematic illustratiorl  of a 3 I) view of tllc  Ilartll’s

the direction of the rnagrletic  field lines. l’hick  arrows

magnetosphere. Small arrow’s indicate

show the direction of electric currents.

Various current systems present in the magnetosphere are indicated.

Fig. 2: Schematics of two moclels for the Earth’s magtletosphere.  (a) Closed model for the mag-

netosphere model based on strict application of frozen-fielcl  theorem. (b) Open rnagnetospheric

model which allows reconnection between the interplanetary magnetic fielcl  and the geomagnetic

field at the claysicle  maglletopause  current sheet. ‘l’he magnetic flux is erocled  from the claysicle

ancl transported to the nightside by the solar wind. Storecl magnetic energy in the rnag[letotail

is explosively released during substorms, believed to be triggered by the onset of reconnection

at the near Earth neutral line.

Fig. 3: A schematic view of the steady-state reconnection configuration at the magnetopause for

antiparallel  IMF and geolnagnetic  field lines (showrn  as solid lines). The magnetopause (MP) is

depicted as a current layer of finite thickness, with an adjoining bounclary  layer (lIL). Magne-

tosheath  and magnetosphere are locatecl  to the left and right of the magnetopause, respectively.

Those magnetosheath and magnetospheric  field lines connected to the separator (or X-line) for

the outer (S1 ) and inner (S2) separatrix,  respectively. The normal component of the magnetic

field, IIn, is negative north of the separator ancl positive south of it. I)ashecl  lines are stream-

lines and the heavy arrows indicate the plasma flow speed outsicle  and inside the magnetopause.

The reconnection electric fielcl,  Et, is aligned with the magnetopause current I ( taken from it

Sonnerup  et al., 1981].

Fig. 4: ShowS five minutes of electric and lnaglletic  fielcl  data recordecl  by ISEE 1 in a reference

frame oriented along the average magnetopause. I)uring  this traversal the magnetopause  passecl

back and forth over the spacecraft. The error bars in the electric field data are the standard

deviations of a single point in the sine  wave least scluare fit of six seconds of clata.  11~ is the

tangential component of in the clawn-dusk  direction. The magnetopause  motion has not been

relnoved  from the data (takell  from fi[ozer  et al.. 1979].

Fig. 5: Sholvs polar plots of the nlagnetic  fielcl  cluring an OGO-5 crossing of the nlagnetopause.

I,eft-hand  figure shotvs the fielcl  componen t  11, ancl Ilz tangential to the nlag[letopause,  and

the  rig]lt-hancl  f igure sho~i’s the nea r ly  collsta[lt  Illagnetic  fielcl  colll~)orlent  113 Ilor[nal  to  t i le

lnagnetopause. The  nlag[letic  field is represe[lted  ill units of nano-tesla  (11’1’). ‘1’lle s e g m e n t

.41 – AZ clenotes  the rotational discontinuity ( taken frolll .$oll~lcrup and lJcdlcJ,  1979].

2$



I~ig. 6: Shows polar plots of the nlagnctic  field B (top) and plasn]a flOW velocity v (bottoln)  for the

1S111; 1 magllctopausc  crossing  011 %ptcmbcr  8, 1978. ‘1’he coordinate systcln  is obtained fronl

minimum variance analysis. ‘1’he k axix is along the outwarcl  directed rnagnetopausc  normal,

the i, j planne is tangential to the rnagnetopause,  with i and j axes approxilnately  due Ilorth

and west, respectively. ‘l’he points markecl  ( 1 ) ancl (2) refer to the rnagnetosheath  and the

magnetosphere sides of the magnetopause. ‘1’he vectors corresponding to the tnagnetopause

current I and the inferrecl  electric field Ef are also showrl (taken from PaschTnann  et al., 1979).

Fig. 7: Shows the results of a comparison between measured Al~~3 and predicted A lf~ tangent ial

velocity enhancements across tile magnetopause for 11 cases observed by ISEII 1 ancl 2. Each

vector represents the measured velocity change, rotated around the normal in such a way that

the predicted velocity change lies along the llorizolltal  (dotted line) in each  case. Vectors have

been normalized such  that the predicted vector has unit length, therefore in case of perfect

agreement, the vectors should be horizontal ancl of unit length (taken from Sonnerup et al.,

1981).

Fig. 8: Shows the flux transfer events observed by ISER  1 (heavy lines) ant] lSEE 2 (light lines) on

November 8, 1977. The magnetic field data is shown in boundary normal coorclinates.  Verticle

dashed lines indicate the time of flux transfer events. The events are characterized by normal

component  ~~N undergoing a bipolar change, ancl the presence of hot electrons ancl ions of

magnetospheric  origitl  allcl cold flowing maglletosheatll  plasma (taken from Russell  and  Elphic,

1979).

Fig. 9: Schematic of a f!ux transfer event. ‘1’he magnetosheath  field lines, shown as slanted arro~vsj

get connected with nlaglletospheric  field lines, shown as vertical arrows, possibly off the lo~ver

eclge of the figure. The connected flux tube is carried by the rnagnetosheath flo~v in the dclclirec-

tion of large arrow. l’he magnetosheath  fielcl  lines not connected to the magnetosphere drape

o~~er the connected flux tube and are swept up by its motion relative to the maglletosheath  flo~v

(taken from Russell and FJp}tic,  1979).

Fig. 10: Schematic diagranl  to show the cleveloplllent  of both the auroral and polar  magnetic

substorms,  from  a quiet situatioll  (a), an early epoch of the expansive phase (b), the Inaximum

epoch of the substorm (c), to an early epoch of the recovery phase (cl). ‘1’he region where a

negative magnetic bay is observed is indicated by the line shacle, allcl the region of a positit’e

bay  by the dotted shade ( af(er  Akasofu Cl al. 1966; u!ilh pc rt)l  ission  from Pcrga mo~~ I’ress).

Fig.  11:  Block cliagram  shoJvillg  inlporta[]t  events taking place duritlg  Iarious  ]Jtlases  of nlagllc-



.-

tospheric substorln

Incfia).

tcrkcrt from Lakhina, 199.Ya; with permission from Geological  Society of

}Pig. 12: Schematic representation of changes of tllc  magnetotail  plasma sheet that are thought to

occur during substorms. ‘1’hcsc  are cuts along the midnight meridian plane of the tail. Earth

is at left and a clot near the center of each picture represents a satellite at .4’ = - 3,5 RE and

d Z = + 1 R~. Black lines are magnetic field lines ancl white arrows indicate plasma flow. A

distant neutral line, IV, is shown at X = -60 RF; and is though to be a cl~lasi-perl~lallellt feature of

the rnagnetotail  though its distance is not really known and is probably cluite  variable. The fine

hatching indicates the plasma sheet, which contains closed field lines 1 , 2, 3, 4 and is bouncled

by the “last closed field line”, 5. Field lilles 6 ancl 7 arc in the lobe, outside the plasrnasheet

(taken fr-orn  Hones, 1977; with permission from Arncrican  Geophysical llnion).

l’ig. 13: The four basic stages of the magnetospheric  substorrns  as manifested in the polar iono-

sphere, the meridional magnetosphere, and the ecluatorial magnetosphere according to the

current-disruption model (after Siscoc, 1993; with permission }rorrt  Pergarnon  Press).

Fig. 14: Schematics of the two dimensional configuration of the earth’s plasma sheet with an

embedded forced current sheet at the center. ‘l’he plasmasheet has a characteristic dimension of

2L and the forced current sheet (hatchecl  regioll)  has a half thickness of a. q’he r-component of

the magnetic field has a value BZO just outside the boundary of the inner current sheet (dashecl

horizontal line), and a value BI, in the lobe region. A uniform dawn to clusk electric field EY is

imposed on the plasma sheet. ‘l’he forced current sheet has a finite B,t (after Lakhir~aj  1993’6;

with permission j~o?n American Geophysical i!Jrtion).

I’ig. 15: Variation of normalized growth rate ~l,/~i versus normalized wave numbers ~ = kL

for ion tearing instability of the two dimensional magnctotail  with an embeclclecl  current sheet.

The plasma parameters are iii = ai/l,= 0.25, L)I)/V~l  = 2 . 0 ,  1~/7~ = 10.0, ~ = ~;,l/l~.rc> = 0.1,

2 . = zO/L = 0.3 and for 7~= 0.0, 0.05, 0.1 for the curves 1, 2 ancl :3 respectively.  Here II

represents the fraction of trapped electron population in the inner sheet relative to the total

electrons number density ( after I,akhincr, 1993b; with permission Jrorrl  A merit-on G~:op}l ysiccrl

Union).

Fig. 16: Schematic of the earth’s magnetotail  for the clriven reconnectioll  process. ‘1’lle plasmasheet

has a characteristic dimensiol)  of 2 L ill the Z-clirectioll. ‘1’he Inaglletopause  Lou[ldary  is situated

at  Z = +CZ. The  so la r  wincl- magllctosphere  illteraction  perturbes  the lllaglleto~)ause  bo~ltlclarj’

resulting in a clistortion,  J, of the bounclary. ‘1’hc singular layer is centred at Z = O atld  has a

30



width of 2 d. ‘1’lle external region exteIIcls frolll the singular layer boundary to the Ina,gnetopause

boundary in both tail lobes. The perturbations at the magnetopause boundary could  induce

the process of driven reconnection in the mag[letotail  ( a~fer Lakhina,  19926; with  permission

from American Geophysical Union).

Fig. 17: Variation of driven reconnection rate normalized with ion tearing mode instability growth

rate versus normalized wavenumbcr  ~ = k L for the earth’s magnetotail  parameters: 7~/7~ =

0.1, ai/L = 0.2, B./BO = 0.1 and for two values of the magnetopause bounc{ary,  namely a/L =

10 (solid curve), and a/L = 5 (dashecl  curves). The curves 1, 2 and 3 are for T) = 0.0, 0.2 ancl 0..5

respectively, where parameter q cienotes tile  relative trapped electron population with respect

to total electron number density. The process of driven reconnection occurs in t~vo modes; the

positive ~ mode corresponds to the expotcntial  type reconnection (which is similar to the ion

tearing mode), and the negative ~ mode corresponds to the bursty  reconnection. The bursty

reconnection is driven at a much faster rate as compared to the ion tearing ItlOd~S  but has a

short duration of typically inverse of the reconnection rate (taken from I,akhina,  1992bj  with

permission from Ame~icarl  Geophysical Union).
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i

Growth Phase
(Driven process)

k

● Build-up of magnet otail energy

● Enhanced convect ion

t

● Enhanced cross-tail current

Expansion Phase
(Unloading process)

+

,

b

●

●

☛

●

●

●

Triggering process

Plasma sheet  thinning

Aurora[ bu[ge f o r m a t i o n

Injection and the ring current
fo rmat ion

Enhanced field aligned currents,
growth of substorm current wedge

P[asmoid fo rmat ion

,

Recovery Phase ● Plasma sheet recovery

t
● Subsidence of  auroral activity

Block diagram showing important events taking place

during various phases of magne!ospheric substorm.
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